The supramolecular structures and solution characterization of alkali metal salts of a new fourth-generation bridging scorpionate ligand, [HB(mtda)3 -], containing mercaptothiadiazolyl (mtda) heterocyclic rings with both hard nitrogen donors and soft sulfur donors is reported. Key structural parameters possibly facilitating the solidstate assembly and the solution properties are described.
Introduction
One area of contemporary research interest is the deliberate construction of molecular edifices using designed building blocks, or tectons, to control solid-state architectures 1 and possibly to also include desired functionality into a given material. 2 Recently, there has been a resurgent interest in modification of the frameworks of the ubiquitous scorpionate ligands based on poly(pyrazolyl)borates and poly(pyrazolyl)methanes, first prepared by Trofimenko in the mid 1960s, 3 to give potentially multinucleating organic derivatives or metal complexes thereof ("metalloligands") that can be incorporated into coordination networks. 4, [6] [7] [8] [9] [10] [11] [12] For this reason, the syntheses of "third-generation" scorpionates (scorpionates modified at the fourth group bound to boron or on the methine carbon of the charge neutral counterpart) 5 overlooked for the purpose of constructing supramolecular assemblies based on scorpionate building blocks is the modification of the pyrazolyl rings either with additional coordinating moieties such as cyano groups 10 and meta-or para-pyridyls, 11 or even modifying the pyrazolyl ring system itself by replacing the CHs with donor atoms as in the case of the poly(1,2,4-triazolyl)borates. 12 Our interest in the coordination and supramolecular chemistry of potentially multinucleating scorpionate ligands composed of electroactive, sulfur-containing, N-heterocyclic ligands 13 prompted us to consider scorpionates based on mercaptothiadiazolyls, as in Figure 1 .
The choice of mercaptothiadiazolyls was inspired in part by the potential for the different donors to induce a controlled organization of metallochains according to Pearson's hard−soft acid−base concept. 14 The choice of mercaptothiadiazolyls was also encouraged by the important electrochemical activity of this group and related heterocycles (exploited in battery applications), 15 and the potentially desirable surface adsorption properties of this ring system 16 that may allow for layer-by-layer self-assembly of future conducting materials. The ligand design in Figure 1 represents a hybrid of Trofimenko's first generation tris(pyrazolyl)borates and of Reglinski's tris(mercaptoimidazolyl)borates, 17 and close relatives of Bailey's and Marchio's thioxotriazolylborates. 18 We refer to this ligand and its derivatives as Janus scorpionates, after the Roman mythological god of gates and doors that is commonly depicted as a two-faced figure. 19 It was anticipated that different binding modes of this new ligand system would be observed depending on the choice of metal and that the electroactive nature of these ligands would also afford the opportunity to study the impact, if any, of metal complexation on the oxidation of the ligands. In this initial contribution, we describe the preparation, solid-state structures, solution characterization, and electrospray mass spectral characterization of the alkali metal and the noncoordinating tetrabutylammonium salts of this fascinating new class of scorpionate. 
Experimental Section
KBH4 and NaBH4 purchased from Aldrich and 2-mercapto-1,3,4-thiadiazole purchased from Alfa Aesar were used without purification. Midwest MicroLab, LLC, Indianapolis, Indiana, performed all elemental analyses. IR spectra were recorded on a Nicolet Magna-IR 560 spectrometer. 1 H and 13 C NMR spectra were recorded on a Varian 300 MHz spectrometer.
Chemical shifts were referenced to solvent resonances at δH = 2.50 and δC = 39.51 for DMSO.
Melting point determinations were made on samples contained in glass capillaries using an 
Syntheses. Na[HB(mtda)3] (1).
Under argon, a finely divided mixture of NaBH4 (0.350 g, 9.25 mmol) and 2-mercapto-1,3,4-thiadiazole (4.37 g, 37.0 mmol) was placed in a 100 mL roundbottom flask which was subsequently connected to a calibrated gas collection meter. The reaction bulb was heated by an external oil bath to 150 °C over the course of 2 h total (with magnetic stirring of the mixture); gas evolution commenced when the oil bath reached 90 °C, was vigorous when the oil bath reached 120 °C (being 3/4 complete after 20 min at this temperature), and was complete (27.8 mmol H2 was collected) after the oil bath reached 150 °C and was held at that temperature for an hour. After it was cooled to room temperature, the resulting solid was washed first with three 20 mL portions of THF and then with three 20 mL portions of CH3OH to remove unreacted starting heterocycle. The insoluble solid was dried at 60 °C under vacuum for 3 h to leave 3.07 g (86%) of the desired compound as a hygroscopic, colorless powder. mp: 225 °C (dec to pale yellow solid). Anal. Calcd (found) for 
K[HB(mtda)3] (2).
A carefully ground mixture of KBH4 (0.550 g, 9.27 mmol) and 2-mercapto-1,3,4-thiadiazole (3.84 g, 32.5 mmol) was heated as described above. Hydrogen evolution began when the oil bath temperature reached 70 °C, was 3/4 complete when the bath reached 120 °C, and was complete within 2 h at 150 °C (27.8 mmol H2 was collected). After it was cooled to room temperature, the resulting solid was washed with three 20 mL portions of THF to remove unreacted 2-mercapto-1,3,4-thiadiazole. 
KNa[HB(mtda)3]2 (3).
A mixture of 0.386 g (1.00 mmol) Na[HB(mtda)3] and 0.402 g (1.00 mmol) K[HB(mtda)3] was heated at reflux in 50 mL of CH3CN, and 7 mL of DMF was added to effect dissolution. The resulting solution was filtered hot, cooled to room temperature, and layered with 250 mL of Et2O. After the solvents were allowed to slowly diffuse over 2 days, the crystals were isolated by filtration and were dried to leave 0.775 g (98%) of 3 as a colorless Crystallography. Crystals of 1 formed as long delicate fibers, the maximum thickness of which was <0.05 mm. X-ray intensity data from such a needle of 1, a colorless bar of 2·CH3CN, and a colorless needle of 3·solvate were measured at 150(1) K on a Bruker SMART APEX diffractometer (Mo Kα radiation, λ = 0.71073 Å). 20 While there were no apparent problems with the data collection for 2·CH3CN, the crystal of 1 scattered only weakly because of its morphology. Also, because of the small size and weak scattering power of the crystal of 3·solvate, no diffraction was observed above 2θ ≈ 42°, and the data for this derivative were truncated at this value. Raw data frame integration and Lp corrections for each data set were performed with SAINT+. 20 Final unit cell parameters were determined by least-squares refinement of 2229 reflections from the data set of 1, 8049 reflections from the data set of 2·CH3CN, and 928 reflections from the data set of 3·solvate, each with I > 5σ(I). Analysis of the data for each showed negligible crystal decay during collection. Direct methods structure solution, difference Fourier calculations, and full-matrix least-squares refinement against F 2 were performed with SHELXTL. 21 Hydrogen atoms were placed in geometrically idealized positions and included as riding atoms. Other pertinent details regarding structure solution and refinement for each compound follows.
Systematic absences in the intensity data of 1 indicated the space groups P63mc, P63/mmc, P 1c, P31c, and P 2c. After several space trial refinements, a reasonable solution was obtained in P31c. Upon completion, the structure was checked for additional symmetry elements with ADDSYM in PLATON, which verified the space group choice. 22 There are two crystallographically independent polymeric chains in the asymmetric unit, associated with Na1 and Na2/Na3. Atoms Na1 and B1/H1 of the Na1 chain are located on a 3-fold axis, and only 1/3 of the attached B1 ligand is symmetry independent. Atoms Na2, B2/H2, Na3, and B3/H3 of the Na2/Na3 chain are also located on a threefold axis, and there is 1/3 each of two additional ligands (B2 and B3) bonded to these atoms. The crystal was refined as a combined general twin and inversion twin, as described. 21 The twin operator is a 2-fold rotation around the crystallographic [110] direction, coupled with inversion twinning in each 2-fold related domain.
Only atoms Na2, Na3, and the sulfur atoms were refined anisotropically; all remaining nonhydrogen atoms, except boron, were refined isotropically. Displacement parameters for the B atoms were fixed. The refinement difficulties are likely to be caused by the combined effects of the weak diffraction and the twinning.
Compound 2·CH3CN crystallizes in the orthorhombic system. Systematic absences in the intensity data were consistent with the space groups Pnma and Pna21; intensity statistics indicated an acentric structure. The space group Pna21 was eventually verified by successful solution and refinement of the data, manual examination of the structure, and ADDSYM/PLATON. 22 The asymmetric unit consists of one complete formula unit. All nonhydrogen atoms were refined with anisotropic displacement parameters. The final absolute structure (Flack) parameter was −0.03(4), indicating the correct orientation of the polar axis and the absence of inversion twinning.
Compound 3 crystallizes as a solvate of undetermined composition in the trigonal crystal system. Systematic absences in the intensity data indicated the space groups P 1c and P31c, the former of which was confirmed. The complex is located on a threefold axis of rotation passing through Na1, B1/H1, and near K1. B1/H1 and one C2HN2S2 ring are the only symmetry-independent part of the ligand. K1 is disordered about the threefold rotational axis.
Refinement of K1 on the threefold axis yields a strongly oblate ellipsoid. Placement of K1 off the threefold axis gives a more reasonable ellipsoid and a refined site occupancy near 1/3, at which value the K1 occupancy was fixed for further cycles. The infinite tubular structure runs along the c axis at (1/3, 2/3, z) and (2/3, 1/3, z). Between the tubes are channel-shaped voids along (0, 0, z) filled with disordered solvent. No reasonable solvent model could be obtained for the potential solvent species THF, acetone, and Et2O. A second sample crystallized using a CH3CN/DMF/Et2O solvent system presented similar difficulties. Refinement of the first sample with the solvent peaks modeled as variable occupancy oxygen atoms showed the concentration of solvent is highest at z = 1/4 and 3/4. Although this treatment resulted in a reasonable refinement (R1 = 0.041, flat difference map), for final refinement, the contribution of these unknown solvent species were removed from structure factors with SQUEEZE (321.1 Å 3 solvent-accessible void volume, 19% total unit cell volume, 76 e -/cell). 22 The final tabulated FW, F(000), and dcalcd represent known unit cell contents only. All non-hydrogen atoms were refined with anisotropic displacement parameters. H2 was placed in the geometrically idealized position and included as an isotropic riding atom; H1 was located and refined freely.
Results and Discussion
Synthesis. The new alkali metal scorpionates are best prepared by heating an excess (more than three equivalents, with four or more being optimal) of the desired heterocycle with the appropriate alkali metal borohydride to between 150 and 190 °C, according to Scheme 1. In this way, 3 equiv of hydrogen (based on borohydride) are obtained, and the resulting product mixture contains the trisubstituted derivative and the remainder of the starting heterocycle.
Unlike the related unsubstituted or 3-substituted poly(pyrazolyl)borate derivatives, using an even larger excess of heterocycle (5−7 equiv) does not produce tetrasubstituted compounds.
Also, reaction mixtures containing excess heterocycle decompose regardless of cation giving unidentified intractable dark green solids when heated to 205 °C or more, rather than generating any well-defined tetrasubstituted borate derivatives. When the reactions are performed using exactly three equivalents of 2-mercapto-1,3,4-thiadiazole instead of an excess, the expected amount of hydrogen is obtained, but the product is typically a mixture of CH3CN (0.3 g/L) or MeOH (0.5 g/L) than the remaining components. As may be expected from the general trend that larger main group metal cations can achieve higher coordination numbers than their smaller congeners (through solvation), the compound K[HB(mtda)3] (2) is at least twice as soluble as its sodium counterpart in CH3CN or MeOH (2 and 1 g/L respectively), and the corresponding difficulties in separation from the product mixtures lead to lower overall yields of pure potassium salt compared to the sodium derivative.
The alkali metal salts are hygroscopic and are otherwise Lewis acidic, retaining most Lewis bases after exposure. However, the Lewis bases can generally be removed after prolonged heating under vacuum to give the pure "solvent-free" salts. The solvent-free salts are soluble in H2O, DMSO, and DMF and only slightly soluble in MeOH, CH3CN, acetone, and THF, but they are insoluble in Et2O, CHCl3, CH2Cl2, and hydrocarbons. Table 2 . Numerous attempts were made to crystallize 4, but in the best case scenarios, such efforts produced rather poor quality crystals which resulted in highly disordered structures of marginal precision, only allowing general features of connectivity of the isolated ions to be established (Supporting Information). In the three alkali metal cases, polymer chains are formed by metal coordination to both the hard (N3) and soft (S3) portions of the bridging ligands, in stark contrast to the thioxotriazolyborate cousins which form discrete alkali metal complexes. 18 The B−H bond of the polymeric Janus scorpionates is always directed toward thione sulfurs rather than toward the nitrogen portion of Å) such that the metal center can best be described as seven-coordinate with the relatively rare capped-octahedral geometry. The average Na(1)−N (2.48 Å) and Na(1)−S (2.93 Å) distances, like the B−H···Na interactions, are relatively short but are in typical ranges (Na−N = 2.33−3.13 Å, Na−S = 2.82−3.19 Å) found for seven-coordinate sodium. 24 Figure 2 Solid-state structure of Na[HB(mtda)3], 1: (top left) asymmetric unit, (top right) polar coordination polymer composed of Na(1), (middle right) centric coordination polymer containing Na (2) and Na(3), and (bottom row) view down pseudo-C3 axes of scorpionate ligands bound to Na(1), Na(2), and Na(3), left to right, respectively. In the second type of coordination polymer in the lattice (Figure 2 , middle right), the B−H bonds are alternately aligned (BH−HB BH−HB, etc.), resulting in a chain whose 1D representation would have approximate P2 line symmetry with the C2 rotation axes located at the metal centers of the Na(2)S6H2 and Na(3)N6 kernels. This chain deviates slightly from ideal P2 line symmetry since the sodium centers are not truly situated at the centers of their respective coordination polyhedra. That is, for Na(2), the metal resides closer to the sulfur atoms bound to the scorpionate containing B(2) than to those sulfurs on the other scorpionate to which it is bound (containing B(3)). Conversely, Na(3) is situated closer to the nitrogen atoms of the scorpionate containing B(3) than to those nitrogens of the scorpionate containing B(2). Overall, there is a reciprocal relationship with these distortions (this and other distortions will be described in more detail in a later section) where the ligand with shorter M−S bonds has longer M−N bonds and vice versa. As with the polar Na(1) chain, short B−H···Na interactions of 2.33 and 2.42 Å (Na(2)−B(2) = 3.33 Å, Na(2)−B(3) = 3.42 Å) augment the coordination sphere of sulfur-bound sodium centers. In this case, such interactions render Na(2) eight-coordinate with a (distorted) bicapped octahedral geometry. The average Na−S distance in this chain of 2.935(4) Å is longer than in the previous chain, as expected, but it is the shortest yet reported for eight-coordinate sodium. 24 The structures that contain potassium also include solvents of crystallization. In 2, the solvent CH3CN is coordinated to the potassium, whereas in 3, solvent fills channels in the structure. If one excluded the coordinated acetonitrile in 2, a polar polymer chain with unidirectional B−H bonds is formed that resembles the chain with P1 line symmetry in the structure of 1. In the current case, however, B−H···K agostic interactions, in addition to the coordinated CH3CN, renders the metal center eight-coordinate. The agostic interaction in 2·CH3CN is quite short at 2.59 Å (B···K = 3.59 Å) compared to typical values for B−H···K agostic interactions which average 2.85 Å and range from 2.43 to 3.34 Å. 24 Moreover, the average K−S bond distance of 3.31 Å in 2·CH3CN is shorter than 3.37 Å, the average distance found for all other eightcoordinate potassium compounds containing a potassium−sulfur bond. 24 Further, in 3D space, the polymer chain propagates along the a axis orthogonal to a 21 screw axis which is most evident by the alternating direction of the bound acetonitrile; when this effect is accounted for upon reduction to a one-dimensional (P1) line symmetry representation, a set of lattice points can be found at every other potassium center. The chain structure of 3·solvate resembles that with P2 line symmetry of 1 but is organized with NaN6and KS6H2 kernels, as might be expected from Pearson's hard−soft acid−base theory. 14 In this case, the potassium is disordered over three closely spaced positions in the lattice allowing the crystallographic 3-fold axis. The B−H···K agostic interaction of 2.49(5) Å (B···K = 3.61 Å) and average K−S bond distance of 3.13 Å, measured using the asymmetric unit, appear shorter than those found in 2 (Table 2) ; however, the disorder prohibits any meaningful comparisons.
The larger size (and higher coordination number) of the potassium cations compared to sodium induces significant distortions in the tripodal ligand that impart important differences in the overall supramolecular structures and possibly the formation constants and thermodynamic stabilities of the resulting coordination polymers. A careful examination of these distortions is thereby important for the future design of potentially functional materials based on these and other one-dimensional hard−soft metallochains using this ligand system. As explained in more detail elsewhere, 26 there are three significant distortions ( Figure 5 CH3CN bonding in 2) for the 1D chains of 2 and 1, respectively (with idealized P1 line symmetry). For the specific case of the tris(mercaptothiadiazolyl)borates, which can bind metals via the soft sulfur donors, a related distortion, M−S bond lengthening, can also be identified. This distortion can be highlighted by the "NaS6" coordination environment around Na(2) in the centric chain of 1. In this case, Na (2) actually sits closer to the three sulfurs of the borate ligand containing B(2) [Na (2) Two other distortions, ring-twisting and boron pyramidalization, require more sophisticated measurements, and their effects are more subtle than metal−ligand bond lengthening. Ring twisting is measured by the MN−NB torsion angle, and a metal-bonded scorpionate fragment with ideal C3v symmetry is expected to have a MN−NB torsion angle of 0°. For a given scorpionate with a generally fixed bite angle, the degree of twisting increases with the size of the metal. This effect is operative when the structures of the polar chains in 1 and 2 are compared. The smaller sodium derivative has less ring-twisting NaN−NB (11.2°) than KN−NB (38.4°) in 2. A consequence of this ring twisting is a shortening of the M···B distance in the metallatrane framework. As an example, both centric chains in 1 and 3 share similar NaN6 kernels with nearly identical average Na−N bond distances (2.44 Å for 1 and 2.43 Å for 3), but the rings in 1 are more twisted (av NaN−NB of 17.5°) than in 3 (av NaN−NB of 0.8°), and consequently, the greater ring-twisting shortens the Na···B distance to 3.43 Å in 1 from 3.52 Å in 3. Such a distortion may provide a mechanism to modulate the lattice spacings in future polymer chain systems based on this ligand. It should however be recognized that in the case of the polar chains in 1 and 3, the difference in size between sodium and potassium cations likely dominates the increase in polymer chain lattice spacing of 13.66 Å for 1 to 14.24 Å for 3, and any ring-twisting simply fine-tunes this spacing. Conversely, a decrease of boron pyramidalization should relieve bond angle strain on boron and cause a concomitant decrease in the size of the nitrogen-binding pocket and increase in the size of the sulfur-binding pocket; a synergistic reciprocity that should bolster the hard−soft acid−base-directed self-assembly process. As a testament to the synergistic nature, the ligands in 3 are the least distorted of all those reported here which can be highlighted by comparing the ring-twisting and boron pyramidalization in 3 and the corresponding centric chain of 1 (Table 2) ; both parameters indicate that the larger potassium is a better fit than sodium for the MS6H2 coordination pocket. Nevertheless, since the potassium center in 3 is in fact disordered over three closely spaced sites in the coordination pocket and because there is small but measurable ring-twisting (av MN−NB = 0.8°) in 3, a cation other than potassium may prove to be even better compliment to sodium (or another metal other than sodium may be a better compliment to potassium) in a heterobimetallic polymer chain manifold; such a search is currently underway in our laboratories. The voltammograms of each compound in CH3CN were also identical within experimental error and showed overlapping oxidation waves at +0.84 and +1.07 V vs Ag/AgCl, whose shape was reminicient of ECE-type behavior, as exemplified in Figure 6 . We tentatively attribute this behavior to be caused by the oxidative formation of an electroactive disulfide linkage in the ligand, consistent with the known behavior of other thiadiazoline compounds 15 Since there was no significant change in potential in the oxidation waves by changing counter-cations, it is highly likely that the metals are not coordinated to the ligand in CH3CN solutions of 1−3. 
Conclusions
A new class of electroactive scorpionate ligands, the tris(mercaptothiadiazolyl)borates, has been developed that features characteristics of both the hard, tripodal nitrogen-donating tris(pyrazolyl)borates and the softer, tripodal sulfur-analogues, the tris(mercaptoimidazolyl)borates. These new scorpionates are designed to promote the controlled organization of metallochains according to Pearson's hard−soft acid−base theory. 14 An examination of structural data of 1−3reveals that the size of the alkali metal cations dictates the extent of ligand distortions that occur upon metal binding, for homometallic systems the larger potassium cation produced larger ligand distortions than the corresponding sodium derivative. With the smaller sodium derivative, a unique structure with two different types of polymer chains was formed in the crystal lattice, an acentric chain with NaN3S3H kernels and a centric chain with alternating NaN6 and NaS6 kernels, suggesting that there is little energy difference between these two cases for this metal. In the potassium analogue, only a polar chain has been identified so far, possibly a result of the coordination preference of this larger cation for the softer sulfur (minimizing KN6 kernels). In the heterometallic K/Na system the larger potassium cation is bound to the sulfur portion of the ligand, while the smaller ion is bound to the nitrogen portion of the ligand, as anticipated from Pearson's hard−soft acid−base theory. Furthermore, the intrinsic ligand design may contribute thermodynamically to the self-assembly of heterometallic chains from the homometallic constituents. The binding of smaller cations to the hard donor likely relieves bond angle strain around boron and preorganizes the softer ligating sites at the opposite face of the ligand for binding to larger metals and vice versa. As testament to this preorganization, the ligands in the heterometallic coordination polymer chain were the least distorted of all those reported here.
The large number of handles built into the ligand to probe the solution properties (NMR-active nuclei, B−H stretches for IR spectroscopy, and electrochemical activity) provided evidence that the alkali metal salts of these uninegative scorpionate ligands are extensively dissociated or separately solvated and that the directed self-assembly process occurs during crystallization (and possibly during desolvation in the mass spectrometry experiments, further studies are underway to determine this latter hypothesis). We are currently pursuing other onedimensional homo-and heterometallic polymer chain systems (main group and transition metal) using the Janus scorpionate to further delineate the factors that govern the selfassembly process and to identify whether the mercaptothiadiazolyl π systems can mediate electronic/magnetic interactions for future use as molecular wires.
